Solving the mechanism by which MHC I and II proteins capture protein fragments represented a triumph for T cell biologists. This discovery highlighted the peptidic nature of antigens for T cells. Investigation of MHCpeptide-T cell receptor (TCR) interactions provides the basis for epitope mapping, which is the process of identifying the particular chemical elements of an antigen that contact the TCR and determine immune response. Accordingly, for decades, nearly every aspect of T cell-related technology development in autoimmunity, infection, antitumor response, and vaccination has focused on peptide epitopes. However, the known universe of antigens for human T cells widened considerably based on work in the early 1990s by Porcelli, Brenner, and colleagues (1, 2). They identified lipid antigens for T cells, including mycolic acid, a membrane lipid from Mycobacterium tuberculosis (Fig. 1 ). This discovery forced a collision of two previously unrelated fields: lipid chemistry and antigen presentation. Mycolic acids and other lipids are now well established to bind within CD1b antigen-presenting molecules, and the resulting CD1b-lipid complexes are recognized by TCRs (3). In PNAS, Salah Mansour's laboratory returns to the question of epitope mapping of mycobacterial mycolic acid antigens (4). Their work not only solves certain questions, but also highlights new controversies regarding how clonotypic TCRs can specifically grasp and recognize lipids.
Reasoning from first principles, the chemical structures of mycolic acids invite certain questions about how they can be recognized by T cells (Fig. 1) . Mycolic acids are defined as α-branched, β-hydroxy fatty acids. These unusual chemical features, along with their long chain length (C32-C100), distinguish mycolic acids from short-chain fatty acids present in mammalian cells. Unlike peptides, lipids are not gene products that can mutate to escape from recognition, and mycolic acids are essential for mycobacterial survival. Therefore, mycolic acids are foreign molecules that could plausibly alert the immune system to infection by intracellular mycobacteria. Less satisfyingly, their extreme hydrophobicity and unconstrained chemical bonds beg the question of how such floppy and hydrophobic molecules could specifically interact with TCRs. Clonotypic receptors on B cells and T cells typically act in an aqueous environment to bind chemically rigid and hydrophilic epitopes.
This objection was answered, in part, through the subsequent discovery of a chemically defined glycolipid antigen, glucose monomycolate (GMM) (5) . GMM antigens are related to mycolic acid in structure, but Fig. 1 . Mycolic acid and glucose monomycolate antigens possess the same kinds of mycolyl groups, yet function differently in activation of T cells. T cell response to GMM absolutely requires the glucose head group, including the indicated hydroxyl groups at positions C2 and C4. T cell response to GMM proceeds normally when the lipid is truncated from C80 to C32 removing functional groups from its meromycolate chain (5) . In contrast, the functional groups on mycolic acid lipid moiety strongly control T cell response (4, 12, 13). The CD1b-GMM-TCR image derives from solved crystal structures (7, 14) , which suggest that the distal meromycolate chain carrying the functional groups might lie deep within CD1b. The positioning of free mycolic acid is modeled here (4) with molecular dynamics simulations, but its actual position within CD1b based on crystal structures is unknown. 
carry a 6-linked hexose sugar (Fig. 1) . GMM epitopes were mapped in experiments in which T cells failed to recognize analogs in which a single hydroxyl group at C2 or C4 of the hexose sugar was altered. However, T cells responded strongly to GMM from Rhodococcus equi, which has shorter (C32) and chemically simplified meromycolate chains that lack functional groups (Fig. 1) . This result rules out functional groups as necessary for this T cell response. Together with the structural insight that CD1 proteins fold to form a large hydrophobic cleft (6), a head group recognition hypothesis emerged (5). This model predicted that the carbohydrate head group functioned as the TCR epitope and that key aspects of the alkyl chains were dispensable for recognition. Last year, Gras et al. (7) solved the CD1b-GMM-TCR structure, showing that the TCR α-and β-chains act like tweezers to surround and bind the glucose moiety of GMM, including interactions with the C2 and C4 hydroxyl units (Fig. 1, Right) . This mechanism is similar to that of TCR contact with α-galactosyl ceramide by TCRs on NKT cells (8) , and as shown earlier this month, also describes TCR contact with phosphoglycerol head groups on phospholipid antigens presented by CD1b (9) . In these crystal structures, the aliphatic hydrocarbon chains in antigens were largely tucked inside CD1b, where they formed relatively nonspecific nonpolar interactions with the inner surface of CD1 proteins. Thus, the riddle of how TCRs grasp floppy lipids seemed to be answered: they do not see hydrocarbon chains buried within CD1b, but simply bind the particular rigid and hydrophilic epitopes, like sugars and phosphate esters, that emerge from the cleft (Fig. 1) .
However, this model cannot account for recognition of free mycolic acid and other lipids, like free fatty acids, squalene (10), and cholesterol esters (11), which do not carry any large hydrophilic or charged head group. Furthermore, studies of 4), show that the oxygen-containing functional groups on the distal portion of free mycolic acid can strongly control whether T cells respond. Whereas certain TCRs favor activation by α-mycolic acids that lack oxygen on the meromycolate chain, others preferentially recognize mycolic acids with keto or methoxy functional groups (Fig. 1) . These experiments were carried out with synthetic molecules prepared by Baird (4) and others (13) , which makes them particularly reliable because contamination of with copurifying immunogens from mycobacteria is ruled out.
The discovery of mycolic acid subclass-specific recognition raises new questions about the molecular mechanism. One possible means of discrimination of functional groups on the meromycolate chain is that the mycolic acids fold within CD1b such that the critical methoxy or keto groups protrude outside CD1b and are presented for direct TCR contact. However, if mycolic acids bind in the same manner by which the mycolyl unit of GMM sits within CD1b (7, 14) , then the keto and methoxy functional groups would reside near the bottom of the cleft, where direct TCR contact cannot occur (Fig. 1, red) . Chancellor et al.'s (4) work in PNAS favors the latter model and reports simulations in which the functional groups act indirectly to regulate movement or position of the mycolic acid within the groove. While molecular dynamics simulations require validation through solved crystal structures of CD1b-mycolic acid, they predict that the role of the functional groups is to interact with the interior sidewall of CD1b to position the mycolic acid at the right height within the cleft. In this view, the actual epitope is the carboxylate group of the mycolic acid, and the meromycolate variations play an indirect yet crucial role in stabilizing that epitope (Fig. 1) .
Are the naturally occurring meromycolate functional groups irrelevant for T cell response, as suggested by prior GMM studies, or crucial, as suggested by the new mycolic acid studies? All good data are true, and the seemingly contradictory outcomes can be reconciled based on the concept of "head group positioning" (7, 13) . The glucose moiety, which is present in GMM but not mycolic acid antigens, binds to the outer surface of CD1b (7). This interaction can pin the 6-linked mycolyl moiety of GMM in place so any secondary effects of alkane chains within the cleft play no role in perturbing the TCR epitope (Fig. 1, Right) . Indeed, GMM antigens can undergo extreme truncation from C80 to C32 lipids without loss of recognition (5), whereas short-chain C32 mycolic acids have never been shown to activate T cells (13) . The difference likely results from the fact that all mycolic acids lack the pinning effect of glucose, and Chancellor et al.'s (4) new model invokes the weaker effects of meromycolate functional groups as a kind of secondary or back-up mechanism to position the lipid within the cleft. Thus, working from differing perspectives, a unifying model is emerging whereby the hydrophilic head group typically dominates both TCR contact and antigen positioning within CD1. However, lipid fine structure can influence the final position of lipid ligands when head group positioning is weak.
In PNAS, Salah Mansour's laboratory returns to the question of epitope mapping of mycobacterial mycolic acid antigens. Their work not only solves certain questions, but also highlights new controversies regarding how clonotypic TCRs can specifically grasp and recognize lipids.
Unlike MHC proteins, CD1b proteins are nearly nonpolymorphic in human populations. Whereas designing universal peptide epitopes that can be presented to T cells from all people is difficult or infeasible, lipid antigens are predicted to be displayed in nearly the same way by CD1b in all humans. This observation provides the premise for lipid antigen-based technology development, including efforts to produce mycolic acid bound to CD1b as a recall antigen test for tuberculosis (15) and lipid vaccination. Prior work on GMM antigens points to a strategy for synthesizing nonnatural ligands with short and simplified meromycolate chains that approximate those present in C32 R. equi GMM (Fig. 1) . Such antigens load readily onto CD1b and stimulate many human T cells (5, 7) . However, a key implication of new work on mycolic acids is that the mixed forms of mycolic acids present in mycobacteria are not one kind antigen (4, 12, 13). Instead the keto, methoxy, and other functional groups control T cell response differently, so each molecular variant of mycolic acid should be conceived of as a distinct antigen that is separately synthesized and tested for immunogenicity. Furthermore, these results imply that lipid-based vaccines or recall antigen tests must use mycolic acids that are chemically matched to the particular type of mycolic acid present in the bacterium of interest.
Finally, Chancellor et al.'s (4) work helps to answer a controversy about CD1b expression in tuberculosis disease. Among human MHC and CD1 antigen-presenting molecules, CD1b shows the most restricted pattern of expression in the periphery. Most tissues lack CD1b, but it appears in an activation-induced process on myeloid dendritic cells and macrophages. This pattern contrasts strongly with the ubiquitous expression of MHC I and suggests that the timing and location of CD1b expression could control whether T cell response occurs. Indeed, M. tuberculosis, acting through Tolllike receptors and cytokine response, can induce CD1b expression (16) . However, one study of human cell infection by M. tuberculosis demonstrated loss of CD1b, which might represent immune evasion or simply macrophage death in culture (17) . Resolving whether mycobacteria induce or block CD1b expression is important, because CD1b induction by the pathogens is a tidy mechanism that could account for local T cell responses at the site of infection, while limiting CD1b expression and function in other situations that could lead to autoimmunity.
Most in vivo evidence, including analysis of skin from tuberculoid leprosy patients and lung lavage from tuberculosis patients, points to CD1b up-regulation (18, 19) . However, the key question of whether CD1b appears in lung granulomas of human tuberculosis patients has not been clearly answered. 
